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We present the design, bench-top setup, and experimental results of a compact heterodyne in-
terferometer that achieves picometer-level displacement sensitivities in air over frequencies above
100 mHz. The optical configuration with spatially separated beams prevents frequency and polar-
ization mixing, and therefore eliminates periodic errors. The interferometer is designed to maximize
common-mode optical laser beam paths to obtain high rejection of environmental disturbances,
such as temperature fluctuations and acoustics. The results of our experiments demonstrate the
short- and long-term stabilities of the system during stationary and dynamic measurements. In
addition, we provide measurements that compare our interferometer prototype with a commercial
system, verifying our higher sensitivity of 3 pm, higher thermal stability by a factor of two, and
periodic-error-free performance.
INTRODUCTION
Displacement measuring interferometry (DMI) is a
crucial technology to observe dynamic systems and, for
example, determine the precise position of a moving
stage, measure position errors of a target, and control
the motion of a precise machine [1]. DMI has the advan-
tages of non-contact, traceable, accurate measurements
with high dynamic range [2]. Although environmental
factors such as refractive index change of air impact the
measurement performance, DMI has become indispens-
able for dimensional metrology because of the capability
of reaching sub-nanometer precision [3, 4]. DMI systems
operated in a vacuum environment are likely intended for
long-term usage, which means that its long-term stability
is essential. In these cases, the interferometer should be
designed in a way that the impact of noise effects that are
prominent over large time scales (low frequencies), such
as temperature, is low to prevent long-term drifts in the
measurement results. To this end, it is possible to design
interferometer topologies that allow differential measure-
ments and provide common-mode optical path lengths
that provide high rejection ratios to such disturbances
[5, 6].
Furthermore, heterodyne laser interferometry is less
sensitive to source intensity fluctuations because its mea-
surement techniques are based on phase-locked-loops,
lock-in detection or discrete Fourier transforms [7, 8], and
provides a large dynamic range as well as unambiguous
directionality. However, its inherent use of two laser fre-
quencies leads to systematic periodic errors, which are
typically at a level of 1-10 nm [9–11]. Significant ef-
fort has been dedicated to analyze and compensate for
such periodic errors [12–17], for example by feedback
control schemes and system modifications. Spatial sep-
aration of the two beams with different frequencies has
been proposed to fundamentally eliminate the polariza-
tion and frequency mixing, which results in sub-nm accu-
racy. However, the design of heterodyne laser interferom-
eters without periodic errors that would allow differen-
tial measurements from common-mode paths, is difficult
because of the necessary spatial separation between the
beams. Typically, periodic-error-free heterodyne inter-
ferometers that achieve high displacement sensitivity uti-
lize ultra-stable optomechanical baseplates made of ma-
terials such as Zerodur ® and ULE [4, 18], to affix the
interferometer optical components.
In this investigation, we present a dimensionally stable
compact heterodyne laser interferometer that includes
spatially separated beams, as well as common-mode dif-
ferential optical paths. A so-called reference interferome-
ter measures the system phase noise while a measurement
interferometer measures the displacement of the target.
Thus, it is possible to reduce the coupling of disturbances
that commonly affect the two interferometers, such as
thermal drift, and acoustics, as well as their impact on
displacement measurements.
PRINCIPLE OF OPERATION
Figure 1 shows the optical layout of our heterodyne
laser interferometer. We use two acousto-optic frequency
shifters (AOFSs), (not shown in Figure 1), to generate
two spatially separated beams from a common source, at
slightly different frequencies, (f0+δf1,f0+δf2), where f0
is the optical frequency of the main laser source, δf1 and
δf2 are the corresponding RF frequency shifts. These
two beams are fiber-coupled and delivered to the inter-
ferometer with a separation of 15 mm along the vertical
axis. The beams pass through a 45° tilted non-polarizing
beam splitter (BS1), and are divided into horizontally
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2separated beams with a separation of 15 mm, as shown
in Figure 1. This yields four parallel beams that are geo-
metrically shifted vertically and horizontally in a square-
like array, that pass through a polarizing beam splitter
(PBS) and a 45° rotated quarter-waveplate (QWP) to-
ward a fixed mirror (MF), a reference mirror (MR), and
a measurement mirror (MM), respectively. The two hor-
izontally separated beams at a frequency of (f0 + δf1)
are reflected from MF and the two beams at frequency
(f0 + δf2) are reflected from MR and MM, respectively.
The four beams travel back along their foregoing paths
into the PBS, passing again through the QWP and are
then reflected by the PBS, from their change in polar-
ization, to go toward the non-polarizing recombination
beam splitter (BS2), which is axially 90° rotated and
tilted by 45°. The orientation of BS2 allows the spa-
tially separated laser interferometer beams to recombine
and generate the corresponding beat notes measured at
the photodetectors, PDR and PDM. These beat notes are
the reference and measurement signals according to their
corresponding reflections at MR and MM, respectively.
By measuring the phase difference between them, we can
thus observe the relative displacement (∆L) between the
reference mirror, MR, and the measurement target, MM.
FIG. 1: Optical configuration of the proposed
differential heterodyne laser interferometer with spatial
beam separation; BS1, 45° tilted non-polarizing beam
splitter; PBS, polarizing beam splitter; BS2, 45° tilted
and axially 90° rotated non-polarizing beam splitter;
QWP, 45° rotated quarter wave plate; MF, fixed mirror,
MR, reference mirror; MM, measurement mirror; PDR,
reference photodetector; PDM, measurement
photodetector.
Thermal Stability
It is possible to design the optical path lengths of
a laser interferometer to conduct differential measure-
ments, thus increasing its measurement stability. In
this case, the laser-interferometric phase change driven
by the temperature-induced dimensional changes of the
optical components becomes common-mode and is miti-
gated when the optical paths of the interfering beams are
similar enough, with the exception of the non-common
segment that measures the target dynamics. Interferom-
eter topologies that allow common optical phases can be
easily designed when the two laser beams are coaxial as
in commercial double-pass plane mirror interferometers.
However, achieving this becomes more challenging with
spatially separated beams because the optical axes are
intentionally split and traversing different paths to elim-
inate the periodic errors. Several types of heterodyne
laser interferometers with spatially separated beams [19–
22] have been reported, which targeted reductions of pe-
riodic errors, but not necessarily high stability. However,
temperature fluctuations become a dominant factor once
environmental effects and periodic errors are minimized.
Therefore, we designed our interferometer to minimize
the phase noise caused by temperature fluctuations, al-
though the optical paths are not perfectly common. It is
possible to account for the effect of temperature fluctua-
tions on the interferometric phase measurement by build-
ing geometrical relationships between the four beams.
Figure 2 shows the top and rear view of the interfero-
metric setup shown in Figure 1. Since the two beams are
delivered by two separated fiber collimators connected to
polarization-maintaining fibers (PMFs), each beam has
different starting phase terms, φ1 and φ2 associated to
them. The two starting beams are vertically separated
and are horizontally split by BS1, creating the four result-
ing beams that traverse the entire interferometer. The
beams can be expressed as
E1 = E0 exp [i2pi(f0 + δf2)t+ φ2 + φt(x0 + δx, y0 + δy) + φR,
E2 = E0 exp [i2pi(f0 + δf1)t+ φ1 + φt(x0 + δx, y0),
E3 = E0 exp [i2pi(f0 + δf2)t+ φ2 + φt(x0, y0 + δy) + φM ,
E4 = E0 exp [i2pi(f0 + δf1)t+ φ1 + φt(x0, y0),
(1)
where E0 is the common electrical field amplitude of the
beams, assuming it is the same for all four beams due to
their common source. The term, φt, is the total phase
noise caused by contributions from BS1 (φBS1), PBS
(φPBS), QWP (φQWP ) and BS2 (φBS2) including optical
paths in air and as a function of lateral x-y coordinates,
while φR and φM denote the phases by the reference and
measurement paths, respectively. The terms (x0,y0) are
the lateral coordinates of E4, and the horizontal and ver-
tical separations are denoted as δx and δy as illustrated
in the inset of Figure 2.
In this case, we assume that temperature fluctuations
are not common-mode, which means that φt can be di-
vided into two phase noise contributions, φtx and φty
corresponding to each axis. Then, the interference sig-
nals of the reference (IR) and the measurement (IM ) can
3FIG. 2: Top view of the proposed differential
heterodyne laser interferometer with spatial beam
separation shown in Figure 1. The inset indicates the
rear view of the interferometer with x-y coordinates.
be calculated as
IR = I0(1 + cos(2piδft+ φR + ∆φty)),
IM = I0(1 + cos(2piδft+ φM + ∆φty)),
(2)
where I0 is the nominal intensity and δf is the hetero-
dyne beat frequency, defined as (δf1 − δf2). The term
∆φty is the phase noise difference along the y-direction,
denoted as [φty(y0 + δy)− φty(y0)] while the phase noise
(∆φtx) along the x-direction is absent from Equation (2)
because φtx(x0 + δx, y0) is the common phase term be-
tween E1 and E2, leading to the expression of IR. The
term φtx(x0, y0) is common in E3 and E4 for IM , which
is obtained from Equation (1). Moreover, ∆φty is also
the common phase term in IR and IM , and cancels in
the differential phase measurements between IR and IM .
Under the assumptions leading to the results expressed
in Equation (2), temperature fluctuations will be signif-
icantly attenuated in the interferometer while maintain-
ing a simple layout and few optical components. Such a
simple and compact laser interferometer can be readily
utilized for displacement measurements in a wide variety
of research and industrial applications.
Elimination of Periodic Errors
Periodic errors in heterodyne interferometry are
mainly caused by frequency or polarization mixing
amongst the interfering beams. To prevent this, we used
two AOFSs (not shown in Figure 1), on their first diffrac-
tion order, which are driven by slightly different RF fre-
quencies (δf1 and δf2) and fiber-coupled. Moreover, by
using PMFs and individual fiber collimators, these two
beams have the same polarization and are launched into
the interferometer with a physical separation between
their optical axes. Periodic errors can thus only come to
place by surface reflections at optical components, which
can be mitigated by an intentional and well-controlled
slight misalignment.
EXPERIMENTAL RESULTS
System Construction
To verify the performance of our interferometer, we
used a commercial frequency stabilized HeNe laser
(HRS015B@thorlabs) with ±1 MHz frequency stability
over a time period of 1 minute. The laser output was
divided into two beams, each passing through an AOFS
(1205C-2@Isomet) operating at 80 and 85 MHz respec-
tively. Each positive first order of diffraction was coupled
into PMF and delivered to the optical interferometer as-
sembly built by commercial polarizing and non-polarizing
beam splitters. After aligning the optical components
and mirrors, we obtained two beat notes, each with a
contrast above 80%. We used a commercial phasemeter
(Moku:Lab@Liquid Instrument) to measure the hetero-
dyne signals emerging from the photodetectors, PDR and
PDM. We installed the interferometer on an optical table
and operated it in air. We enclosed the optical setup in
an insulating box consisting of sponge foam sheets to re-
duce the impact of environmental noises. The Moku:Lab
phasemeter offers discrete selectable sampling frequency
options and thus the sampling frequencies chosen during
experimentation are chosen based on the desired resolu-
tion and duration of each measurement.
Interferometer Stability Tests
To measure the stability and self-noise of the interfer-
ometer, we used a single flat mirror instead of individual,
mechanically decoupled reflective surfaces for MF, MR
and MM.
Short-term stability
We measured the short-term stability over a period of
10 s with a stationary single mirror. We set the phaseme-
ter to a phase sampling frequency of 488 Hz to investi-
gate the mechanical stability of the interferometer below
500 Hz. Figures 3a and 3b show the time-series of the
measured displacement and its fluctuations as a linear
spectral density (LSD), respectively. We computed the
displacement standard deviation to be 28 pm. Evidently,
the main noise sources of the system seem to be me-
chanical instabilities (peaks) in the frequency range from
10 Hz to 30 Hz, which we attributed to acoustic noise in
the laboratory.
4FIG. 3: (a) Displacement measurement results during
10 s for the short-term stability test and (b) linear
spectral density of (a).
Long-term stability
We conducted displacement measurements over a pe-
riod of 2 hours at a phase sampling frequency of 122 Hz,
as shown in Figure 4a, to estimate the long-term stability.
A lower sampling frequency was chosen to observe the
long-term trend while avoiding large data lengths. The
measurement results show a long-term drift of approx-
imately 0.3 nm. Our temperature measurements show
that the origin of this drift is residual temperature fluc-
tuations coupling into the interferometric phase measure-
ment. Figure 4b shows the linear spectral density (LSD)
of these measurements.
As expected, temperature fluctuations become dom-
inant in the low frequency regime, while acoustic noise
appears in the range from 10 Hz to 60 Hz, similarly to the
short-term stability result in Figure 3. To verify the long-
term thermal drift of the measurement results, we used
a home-built temperature sensor aˆ€“ consisting of an
NTC (103) thermistor and a 10 kΩ resistor aˆ€“ to moni-
tor the ambient temperature over a period of 7 hours and
sampled at a frequency of 30.5 Hz, whiles simultaneously
measuring the interferometer phase. Figure 5a presents
the temperature variation and the resulting displacement
measurement. The long-term drift of the displacement is
clearly driven by temperature variations, yielding a drift
of approximately 2.0 nm over a temperature range be-
tween 22.3°C to 21.9°C. The temperature coupling factor,
in this case, was 5.0 nm/K. As a comparison, a high sta-
bility commercial differential plane mirror interferometer
has approximately 10 nm/K as quoted by the manufac-
FIG. 4: (a) Displacement measurement results during 2
h and (b) linear spectral density (LSD) of (a).
turer [23].
To evaluate the long-term stability, we computed the
Allan deviation for this displacement measurement run
as illustrated in Figure 5b. This shows a system stability
of 3 pm over an integration time of 1 s. As a result of the
temperature fluctuations, the Allan deviation clearly in-
creases over longer integration times as shown by the blue
trace curve. In addition, having determined the tempera-
ture coupling coefficient into our interferometric readout,
it is possible to compensate our displacement measure-
ments by subtracting the measured temperature fluctu-
ations. This result is shown in the orange trace, labelled
’compensated’. In this case, the Allan deviation shows
stability levels of 3 pm over 1 s, same as the original un-
compensated data, 10 pm over 100 s, and slightly below
2 pm at integration times of 10,000 s.
The temperature coupling mechanism in our setup is
attributed to the pointing instability between the two
beams because the fiber collimators launching the two
input beams into the interferometer were aligned with
separate kinematic mounts. Therefore, temperature vari-
ations can cause misalignments of the two parallel beams,
which subsequently leads to displacement drifts.
Displacement Measurements
To measure real physical displacements with our inter-
ferometer, we aligned three individual and mechanically
decoupled mirrors separately while we attached MM, the
5FIG. 5: (a) Displacement measurement results and
temperature variation during 7 h (b) Allan deviations of
original and compensated displacements for the
long-term stability.
target, to a piezoelectric transducer (PZT). The nom-
inal distance between MR and MM was approximately
20 mm. We conducted displacement measurements over
a time period of 2 minutes with a phasemeter sampling
frequency of 488 Hz.
Frequency response at a fixed position
Before measuring the motion of MM when driven by
a PZT, we first conducted a baseline measurement with
MM stationary, which is shown in Figure 6. For compar-
ison purposes, we also show the data measured with a
single mirror. Compared to Figure 3b, the displacement
noise floor increases over the entire frequency range, espe-
cially between 10 Hz and 100 Hz. This can be attributed
to vibrations and acoustic noises, that are coupled more
strongly with individual mirrors, MR and MM, as op-
posed to using a single common reflecting surface.
The PZT was driven by sinusoidal signals at 1 Hz and
5 Hz with a peak to peak amplitude (Vpp) of 10 mV.
We computed the LSDs of the interferometer data con-
taining these excitations, which are shown in Figure 7a.
The peaks at 1 Hz and 5 Hz are clearly visible and stand
out over the measurement noise floor, which is consistent
with the fixed mirror MM measurement shown in Fig-
ure 6. In addition, we varied the amplitude of the exci-
tations injected through the PZT to verify the response
of the interferometer. We adjusted the amplitudes to
10 mV, 5 mV and 2 mV at 1 Hz, and their response
is clearly visible in the LSD plot shown in Figure 7b,
with displacement peak values of 0.57 nm, 0.30 nm and
FIG. 6: Linear spectral density (LSD) of fixed
individual mirror motions compared to that of the
single mirror motion.
0.13 nm, respectively.
FIG. 7: (a) Linear spectral density (LSD) plots of 1 Hz
and 5 Hz PZT motions with 10 mV and (b) Linear
spectral density (LSD) plots of 1 Hz PZT motions with
10 mV, 5 mV and 2 mV.
Comparison Displacement Measurements to a
Commercial DMI System
For these displacement measurements, we attached
MM to a commercial PZT stage (MAX312D@Thorlabs)
and set our phasemeter to a sampling frequency of
30.5 Hz, which is similar to the sampling frequency set-
tings in the commercial DMI. We used a commercial DMI
system (XL80@Renishaw) and attached its measurement
6retroreflector to the same PZT stage to measure its dy-
namics and compare the results obtained with our inter-
ferometer. The measurement results of the commercial
DMI were averaged over 0.1 ms and the sampling fre-
quency was 20 Hz, which is close to the sampling fre-
quency of our phasemeter.
Displacement measurement comparison
Figure 8 shows the displacement measurement results
obtained with our interferometer and the commercial sys-
tem when the PZT stage was moved with triangular and
sinusoidal waves at a frequency of 0.06 Hz and an ampli-
tude of 75 Vpp, which corresponds to a PZT stage excur-
sion of approximately 20 µm over 20 s. As shown in Fig-
ures 8a and 8b, the two systems measure similar results,
but with opposite signs, as is expected from measuring
targets on the stage mounted to reflect counterpropa-
gating beams. The standard deviations of the difference
between these measurements amount to 55 nm in the tri-
angular case, and 81 nm in the sinusoidal. The main rea-
sons for the differences between the two results were the
distinct step responses corresponding to the stage mo-
tions. The stage used in this investigation was operated
in open-loop with 20 nm resolution steps. The measure-
ment results differ from each other at the transitions of
the step-wise motion. Figure 8b shows this effect where
several spikes appear during the motion while the differ-
ences were reduced at the maxima and minima regions.
Furthermore, it is important to mention that contribu-
tions to these errors may come from each interferometer
measuring a different target mounted on a common PZT
stage, since the commercial DMI requires a dedicated
retroreflector, and not a normal-incidence mirror as our
prototype interferometer.
It is clear that the two systems show better agreement
in their results, when measuring at fixed stationary posi-
tions as illustrated in Figure 9. In this case, the standard
deviation between the systems is 3.6 nm, which can be
attributed to the higher noise floors of the commercial
system.
Periodic error detection
We evaluated the periodic errors of the interferometers
over the residual position errors after applying a polyno-
mial curve fit to the stage motion. To reduce the tran-
sient errors of the stage translation steps, we measured
displacements at steps every 50 nm during 5 s and aver-
aged over a 7 µm measurement range. Figure 10 shows
the measurement results for the nonlinear errors. We fit-
ted the linear motion of the stage and the measurement
results with a six order polynomial [24], and obtained
the residuals by assuming a continuous translation of the
FIG. 8: Displacement measurement results of the
commercial DMI (L1), the proposed interferometer (L1)
and (L1 + L2) for (a) a triangle and (b) a sinusoidal
motion with 0.06 Hz.
FIG. 9: (L1 + L2) for 20 s time-averaged displacements.
stage that would allow us to extract the nonlinear errors,
shown in Figure 10a.
We computed the Fourier transform of these measure-
ments to visualize better the content of periodic nonlin-
earities in the interferometers. Figure 10b presents these
spectra, plotted as fractional half-wavelengths (λ/2).
The commercial DMI system has a first order periodic
error of 1.25 nm, despite of the fact that it is a homo-
dyne laser interferometer. This, however, is likely caused
by the quadrature detection scheme that uses polarizing
optics to measure the interferometer phase and its sign,
which leads to polarization mixing [25]. Conversely, the
data from our prototype heterodyne interferometer shows
no detectable first, second, or higher order periodic er-
rors.
7FIG. 10: (a) Displacement measurement results and (b)
the periodicity of the residual errors for the commercial
DMI and the proposed interferometer.
DISCUSSION
As shown in Figure 10, we demonstrated that our pro-
totype heterodyne interferometer has no detectable pe-
riodic errors caused by frequency or polarization mixing
to the displacement measurement resolutions presented.
FIG. 11: Phase error calculated by the amplitude
method.
To further investigate the presence of periodic errors
in our interferometer, we analyzed the relative amplitude
changes (∆R/R) [19] of the heterodyne signals and cal-
culated their effect on the measured phase errors, as seen
in Figure 11. Here, the phase error corresponding to the
first order periodic errors is negligible since its level is
around the overall baseline of the trace, while that of the
second order reaches a level of 0.028 mrad. By using this
analysis method for the relative heterodyne amplitudes,
we can estimate periodic error levels at 3.5 pm and 9 pm
for the first and second orders, respectively.
Another factor to consider is the long-term power sta-
bility of the optical source and the AOFS output beams.
To determine the impact of this, we conducted a simu-
lation analysis that showed that intensity fluctuations at
levels of 1% between two signals caused displacement er-
rors (standard deviation) of approximately 28 pm. Our
HeNe laser provides a stable frequency, which reduces in-
tensity fluctuations at the source, but not at the AOFS,
which are known to be sensitive to temperature varia-
tions. During our long-term experiments shown in Fig-
ure 5, we observed intensity fluctuations at levels below
2%. We can achieve further improvements through active
intensity stabilization at both the source and the AOFS.
Lastly, as previously mentioned, we conducted all of
our measurements presented here in air, under environ-
mental conditions that were not being controlled. Once
we install our interferometer in a vacuum chamber with
adequate thermal shielding (around 1 mK/
√
Hz) and un-
der well-controlled environmental conditions, we antici-
pate a significant performance enhancement since most
thermal and acoustic disturbances, and the resulting mis-
alignment errors, will be significantly reduced.
SUMMARY
We presented and experimentally demonstrated a com-
pact differential heterodyne laser interferometer with-
out periodic errors. We designed this interferometer
with an intentional spatial separation between the opti-
cal axes of two frequency-shifted beams, thus preventing
frequency and polarization mixing. The interferometer
pathlengths are designed for a high common-mode re-
jection ratio to significantly reduce the effect of environ-
mental disturbances, allowing their mitigation through
differential measurements between reference and mea-
surement interferometer arms. We conducted functional
displacement measurements in comparison with a com-
mercial DMI. These measurements confirmed that non-
linear periodic errors were not detectable in our hetero-
dyne interferometer. Performance experiments of short
and long-term stabilities show displacement noise floors
of 0.1aˆ€“1 nm/
√
Hz at frequencies below 1 mHz and bet-
ter than 10 pm/
√
Hz above 100 mHz. We were able to
measure the coupling of room temperature fluctuations
to the interferometer displacement measurements and de-
termine an Allan deviation interferometric displacement
stability of 3 pm, 10 pm, and 2 pm over integration times
of 1 s, 100 s, and 10,000 s, respectively.
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